Aims: The effects of deleting genes encoding uroplakins II (UPII) and III (UPIIIa) on mouse bladder physiology/ dysfunction were studied in male and female wild type and knockout (KO) mice. Methods: UPII, UPIIIa, and WT mice were catheterized using previously described techniques. Continuous cystometry was conducted in conscious, freely moving animals. Bladder strips were harvested after animal sacrifice and pharmacological studies and EFS were conducted in an organ chamber. Histological studies were also carried on with H&E staining to identify differences among the three mouse types. Results: These studies have revealed numerous alterations, some of which were apparently gender-specific. Nonvoiding contractions were common in both UPII and UPIIIa KO mice, although more severe in the former. In particular, the increased bladder capacity, micturition pressure and demonstrable nonvoiding contractions observed in the male UPII KO's, were reminiscent of an obstruction-like syndrome accompanied by evidence of emerging bladder decompensation, as reflected by an increased residual volume. Pharmacological studies revealed a modest, gender-specific reduction in sensitivity of isolated detrusor strips from UPII KO female mice to carbachol-induced contractions. A similar reduction was observed in UPIIIa KO female mice. Histological investigation showed urothelial hyperplasia in both UPII KO and UPIIIa KO mice, although again, apparently more severe in the former. Conclusions: These results confirm and extend previous work to indicate that urothelial defects due to uroplakin deficiency are associated with significant alterations in bladder function and further highlight the importance of the urothelium to bladder physiology/dysfunction. Neurourol. Urodynam. ß
INTRODUCTION
During the past decade knockout (KO) mice have become increasingly useful animal models for studying molecular mechanisms underlying various forms of lower urinary tract (LUT) disease. 1 Some recent examples of particular relevance to bladder physiology/dysfunction include the development of KO mice for nitric oxide synthase, as well as purinergic and prostaglandin receptor subtypes, K channels and caveolins. [2] [3] [4] [5] [6] [7] [8] [9] [10] These models have clearly demonstrated that molecular alterations to the nerves and smooth muscle cells of the bladder wall alter bladder function. More recent evidence documenting the importance of the urothelium to modulation of bladder physiology/dysfunction has also generated interest in urothelium-specific KO mice. One such model is the uroplakin KO mouse, the subject of this investigation.
In this regard, uroplakins are integral components of the plaques lining the urothelium and are critical to normal urothelial barrier function, and thus, normal genitourinary function. 11 -13 In fact, the apical surface of terminally differentiated mammalian urothelial umbrella cells is covered by numerous plaques consisting of two-dimensional crystals of hexagonally packed 16 nm uroplakin particles. 14, 15 There are four major uroplakins (Ia, Ib, II, and IIIa), and one minor form (IIIb). 16, 17 They initially assemble as heterodimers, in pairs of Ia/II and Ib/III, only then they can exit from the endoplasmic reticulum and reach the cell surface. 1,11,13,18 -20 In fact, recent studies in uroplakin IIIa KO mice have demonstrated the presence of an abnormal urothelial umbrella cell layer characterized by irregular, small plaques. 11 As both heterodimers (Ia/II and Ib/IIIa) are required for normal plaque formation, it has been postulated that uroplakin IIIb replaces the necessary function of the UPIIIa to form Ib/IIIb heterodimer, allowing for the small crystal plaques to develop. 13 Knockout of uroplakin II, which does not have a known isoform, leads to the complete absence of plaque formation, supporting the idea that the two uroplakin heterodimers are both critical for plaque formation. 13 The major importance of uroplakins to lower urinary tract function is apparent from previous work documenting that uroplakin defects lead to compromised urothelial permeability barrier, vesico-ureteral reflux, and abnormal voiding patterns. 11 -13 However, the direct impact of uroplakin deficiency/defects on bladder phenotype and function, as evaluated by urodynamic studies in vivo, has not yet been characterized. In this regard, the main aim of the present study was to determine the effects of gene deletion of uroplakin II (UPII KO) and IIIa (UPIIIa KO) on mouse bladder function as determined by continuous cystometry in conscious animals.
MATERIALS AND METHODS
The UPII KO and UPIIIa KO mice used at 2-3 months old were produced as previously described. 11, 13 They were housed in a barrier facility at the Institute for Animal Studies, Albert Einstein College of Medicine with a 12-hr light/dark cycle, and free ad libitum access to Picolab 20 chow (PMI Nutrition International, Gray Summit, Missouri) and water. All studies were performed under the approval of the IACUC at Wake Forest university school of medicine.
Animal Surgery
Surgical procedures in the mice were performed as previously described. 10, 21 Briefly, control and KO mice were anesthetized via intraperitoneal injections of xylazine (7-14 mg/kg) and ketamine (37.5-75 mg/kg) formulated for animal use. The ventral abdominal wall, perineum and upper back were shaved with an electrical shaver and cleansed with povidone-iodine. A low midline abdominal incision was made and the bladder was identified. A small incision was made in the bladder dome and a polyethylene (PE-10, Clay Adams, Parsippany, New Jersey) catheter with a cuff was inserted. A 6-0 silk suture was placed around the catheter to anchor it and close the bladder incision. Saline was injected through the catheter to ensure no bladder leakage. The catheter was then tunneled through the subcutaneous space and exited through an orifice created in the back of the animal and secured with a suture. The abdominal incision was then closed using a 5-0 silk suture and the free end of the catheter was thermally sealed.
Cystometric Analysis
Analysis of cystometric data was performed in a manner similar to that previously described. 10,21 -23 Three days after bladder catheter implantation conscious mice were placed in a mouse metabolic cage and the bladder catheter was connected to a two-way valve connected to a pressure transducer and infusion pump. The pressure transducer was connected via an ETH 400 (CB Sciences, Dover, New Hampshire) transducer amplifier to a MacLab/8e (Analog Digital Instruments, Castle Hill, New South Wales, Australia) data acquisition board. The pressure transducers and analog-to-digital board were calibrated in cmH 2 O before each experiment. Room temperature saline was infused into each bladder at a rate of 1.5 ml/hr. Micturition volumes were measured with a silicone coated collecting funnel that directed urine into a collecting tube connected to a force displacement transducer. Intravesical pressure and micturition volumes were continuously recorded. Analysis began after the voiding pattern of the mice stabilized. Only mice with baseline pressures less than 20 cmH 2 O and 30-60 min of reproducible micturition cycles were analyzed. Table II lists all cystometric parameters measured. Bladder function was evaluated by the following urodynamic parameters: (1) bladder capacity (BC), the volume of infused saline at micturition; (2) basal pressure (BP), the lowest bladder pressure recorded during cystometry; (3) threshold pressure (TP), the bladder pressure immediately before micturition; (4) micturition pressure (MP), the peak bladder pressure during micturition; (5) micturition volume (MV), the volume of urine discharged during micturition; (6) residual volume, 24 the volume of infused saline minus the micturition volume; (7) intermicturition pressure (IMP), the mean pressure between micturitions; (8) spontaneous activity (SA), an approximate index of spontaneous bladder contractions between micturitions (i.e., detrusor overactivity); SA was calculated by subtracting the BP from the IMP. Note that this parameter is identical to that previously described as mean intermicturition oscillatory pressure (MIOP ¼ IP À BP); 21 (9) bladder compliance (B Com ), the change in pressure between voiding contractions, and (10) micturition frequency.
Pharmacological Studies
Bladders from a subset of WT, UPII KO, and UPIIIa KO mice were harvested and cut into equal size strips along the longitudinal axis (3-4 strips/mouse). The strips were immediately mounted in a 7 ml organ bath myograph system (Danish Myo Technology, Aarhus, Denmark) containing KrebsHenseleit buffer (110 mM NaCl, 4.8 mM KCl, 2.5 mM CaCl 2 , 1.2 mM MgSO 4 , 1.2 mM KH 2 PO 4 , 25 mM NaHCO 3 , 11 mM glucose and 11 mM dextrose). The organ chambers were maintained at a mean AE SEM of 37 AE 0.05 C with continuous 95% O 2 and 5% CO 2 . The bladder strips were subjected to a resting tension of 300 mg and isometric tension was recorded using a transducer coupled to a MacLab data acquisition system. The bladder strips were allowed to equilibrate for 60 min and washed with fresh buffer every 15 min. Contractions were recorded as steady-state changes in tension from baseline with increasing concentrations of carbachol at ½ log increments (ranging from 2 Â 10 À8 to 5 Â 10 À5 M). Carbachol concentration-response curves were computer fitted to the four parameter logistic equation using Prism 4.0 software (GraphPad Software, Inc., San Diego, CA).
Histological Evaluation
Urinary bladders were dissected from a subset of experimental animals. To prepare paraffin embedded sections, the bladders were inflated to a uniform volume with 0.1 ml of 10% neutral buffered formalin for fixation. Coronal sections of the bladder were obtained from the base, mid-section and neck of the bladder. Sections were cut at 4 mm and were stained routinely with hematoxylin and eosin.
Statistical Analysis
Statistical analysis was performed using Systat for Windows (Systat v., Systat Software, San Jose, CA). Unless otherwise stated, all data are presented as the mean AE standard error of the mean (SEM). Individual outcome measures were examined for normality and when needed a natural log transformation was used. Two-way ANOVA models were fit with gender and group (i.e., WT, UPII or UPIIIa KO mice) included as factors. The group by gender interaction Neurourology and Urodynamics DOI 10.1002/nau was examined in this model, and if found to be significant, analyses were performed with the inclusion of the interaction term. In all cases where ANOVA revealed significant differences, appropriate post hoc statistics were utilized, with P < 0.05 considered significant.
RESULTS

Demographics, Body, and Bladder Weights
The distributions of mice in the various experimental animal groups are provided in Table I , along with the mean data on bladder and body weights and bladder weight/body weight ratio. Two-way ANOVA revealed the following: (1) in all groups males had larger body weights than females; (2) both male and female UPII KO mice had lower body weights than their WT counterparts; (3) the UPII KO and UPIIIa KO males had larger bladder weights than their female counterparts and the male WT mice; and (4) the UP KO mice in general had higher bladder weight to body weight ratios than their WT counterparts. This phenomenon may be attributed to the apparent enlargement of the bladder of these animals, even though light microscopy did not reveal significant differences in the overall histology in bladder cross-sections.
Urodynamic Evaluation of Bladder Function in WT and KO Mice
Two-way ANOVA following digital analysis of cystometric records revealed a host of statistically significant differences in a variety of cystometric parameters, both between genders and among various experimental mouse groups. All cystometric data (mean AE SEM) and associated statistical inferences are summarized in Table II , and representative tracings are shown for each group in Figure 1 . For clarity and simplicity, only the major physiological findings are reviewed below.
As illustrated, the WT male and female mice each displayed quite regular voiding intervals with clear micturitions and only minor, if any, pressure fluctuations between micturitions (Fig. 1) . In stark contrast, cystometric records from both UPII and UPIIIa KO mice (both males and females; Fig. 1 ) revealed demonstrable nonvoiding contractions (i.e., detrusor over activity (DO)). Consistent with these observations, two-way ANOVA revealed that the mean spontaneous activity value for all male and female UP KO mice was significantly greater than that observed in the WT mice. In addition, the UPII KO mice displayed significant elevations in spontaneous activity, intermicturition pressure and micturition pressure relative to both the WT and UPIIIa KO mice. The UPIIIa KO mice, in turn, had lower basal pressure and threshold pressure values than either the UPII or WT mice. In short, the observed DO was more pronounced (both qualitatively and quantitatively) in the UPII KO mice than the UPIIIa KO mice (Fig. 1) . Two-way ANOVA also showed that the male UPII KO mice had significant elevations in bladder capacity and residual volume relative to other groups. More specifically, on average, the residual volume of the UPII KO males was approximately 37% of the total bladder capacity.
Pharmacological Studies of Muscarinic-Mediated Detrusor
Contractility in WT and UP KO Mice
To examine potential myogenic contributions to the observed UP KO-related urodynamic changes, concentrationresponse curves for steady-state carbachol-induced contractions were performed on urothelium-denuded detrusor strips derived from bladders on a subset of the total study population. All curves were computer fit to the logistic equation to derive E max , pEC 50 , and slope factor values (Table III) . Two-way ANOVA of mean logistic parameter estimates revealed modest, albeit statistically significant, decreases in sensitivity (pEC 50 ) to carbachol-induced contractions in female UPII KO mice relative to their male counterparts as well as the female WT mice. A similar reduction in the pEC 50 value was observed for the female UPIIIa KO mice, also relative to the WT females.
Bladder Tissue Architecture in WT and UP KO Mice
Histological studies (H&E) were also conducted on bladder tissue from a subset of the animal population in order to gain further mechanistic insight into the potential role of uroplakin deficiency on bladder function. Representative examples of the histological findings from UPII KO male (n ¼ 2) and female (n ¼ 4) and UPIIIa KO male (n ¼ 3) and female (n ¼ 5) bladders are displayed in Figures 2 and 3 , with histologic findings from WT male and female mice also shown for comparison. As illustrated, when compared to WT mice (Figs. 2A,B and 3A,B) , UPII KO (Figs. 2C,D and 3C,D) , and UPIIIa (Figs. 2E,F and 3E,F) KO mice displayed a markedly hyperplastic urothelium that also appeared to have an atypical superficial cell layer. While these findings were conspicuous in mice of both genders, they appeared somewhat more pronounced in bladders from the female KO mice (Fig. 2 ) than in bladders from males (Fig. 3) . In addition, the urothelial thickening in UP KO bladders was not uniform, but rather, varied regionally. There were no obvious or striking differences in the bladder wall of mice from any group. These observations are consistent with previous work documenting similar findings in other portions of the lower urinary tract. 11, 13, 16 Neurourology and Urodynamics DOI 10.1002/nau 
DISCUSSION
Normal bladder function is dependent on an orchestration of neural, myogenic and urothelial mechanisms. Perturbations of any of these mechanisms can lead to disruption of bladder function. Not surprisingly then, bladder dysfunction, including DO, is known to be a multifactorial disease process. A major goal of this investigation, therefore, was to utilize the UP KO mouse model to begin to examine the potential contributions of the urothelium to normal bladder physiology/dysfunction.
The major implication of the present data is that they clearly document that uroplakin deficiency (due to the ablation of the UPII and UPIIIa genes), and in particular the absence of UPII, is associated with significant changes in bladder function in the mouse model as determined by urodynamic evaluation. The alterations in cystometric parameters in both UPII KO and UPIIIa KO mice ( Fig. 1 ; Table II) were associated with rather unique structural changes (Figs. 2  and 3) 11,12 as well as modest pharmacological alterations (Table III) . Some of the observed changes were apparently gender-specific. Since the number of differences detected among the three groups and between the two genders was quite large (see Tables I-III for details), we will focus our attention on only the most physiologically relevant observations.
With respect to UPII, prior work documents that UPII KO mice have no plaque formation, with a significantly delayed excretion of Omnipaque, indicative of ureteral obstruction. 13 In these earlier studies, serial sectioning of ureters of UPII KO mice revealed areas with epithelial polyps or complete epithelial occlusion, resulting in an anatomic obstruction. Such observations suggested that retrograde flow of urine from the bladder into the ureters (i.e., vesicoureteral reflux) as well as structural and/or functional obstruction of the ureters may account for the observed hydronephrosis in UPII KO animals. 11, 13 Consistent with these earlier findings, the present study revealed that the bladder urothelium of the UPII KO (and UPIIIa, see below) mice exhibited substantial hyperplasia, and furthermore, apparently showed an atypical superficial cell layer (Figs. 2 and 3) . 11, 13 These urothelial changes are known to contribute to defective urothelial permeability, 12 which may in turn lead to DO. Consistent with this interpretation is the fact that the UPII KO mice, which have more severe histological and ultrastructual defects than the UPIIIa KO mice, 11,13 displayed a higher incidence of nonvoiding contractions (Fig. 1) . Moreover, in line with these urodynamic observations, analysis of the digital records revealed that the UPII KO mice had significant elevations in both intermicturition pressure and spontaneous activity (spontaneous activity (SA) is a quantitative measure of DO, see Materials and Methods Section) relative to both the WT and UPIIIa KO mice (Table II) . Furthermore, in the male UPII KO mice, the elevated pressure changes (micturition pressure, intermicturition pressure and spontaneous activity) were further accompanied by an increased bladder capacity and residual volume (Table II) . Although further work is clearly necessary, taken together, these initial data indicate the presence of impending bladder decompensation in the male UPII KO mouse, possibly due to the existence of an obstruction-like syndrome related to the UPII KO-mediated urothelial perturbations. Interestingly, the bladders of the female UPII KO's, despite even larger apparent pressure alterations, were still able to empty normally, at least as reflected by the fact that residual volume remained unaltered. Findings similar to those described above for the UPII KO mouse have been reported in UPIIIa KO mice as well. 11, 12 In fact, the urothelium of the UPIIIa KO mouse also has an atypical superficial urothelial cell layer in the bladder. A deficit of UPIIIa is associated with a reduced urothelial plaque size, compromised urothelial permeability barrier function, and vesicoureteral reflux resulting in hydronephrosis. 12 Furthermore, as reported herein (Figs. 2 and 3) , these earlier studies also documented the presence of urothelial hyperplasia in the bladder. As summarized in Table II and illustrated in Figure 1 , the UPIIIa KO mice also displayed a significant increase in nonvoiding contractions compared to their WT counter parts (Fig. 1) . Of note, the UPIIIa KO mice had significantly lower values of BP and TP than either the UPII KO or WT mice. As such, it is intriguing to speculate that the increased incidence of nonvoiding contractions observed in the UPIIIa KO mice might be related to the apparently decreased pressures required to initiate micturition (i.e., decreased TP).
Another potential impact of urothelial deficiency is increased excitability of the detrusor myocytes during filling of the bladder. Such secondary alterations, either alone, or in parallel with neurogenic or other local changes (i.e., urothelial) may enhance spontaneous contractile activity, 24 thus promoting the appearance of the nonvoiding contractions characteristic of DO. In order to gain some initial insight into this possibility, we conducted pharmacological studies to examine steady-state carbachol-induced contractions on equivalent sized bladder strips from mice of all groups and both genders. Logistic analysis of the data revealed that muscarinicmediated contractile responses were largely unaltered, with the exception of relatively modest changes in the pEC 50 values, such that the pEC 50 in detrusor strips from female UPII KO mice was lower than that observed in their male counterparts or WT female mice. Again, a similar reduction in the pEC 50 value was observed for the female UPIIIa KO mice, also relative to the WT females. These data indicate that muscarinic-mediated contractile responses in UP KO mice are either unchanged (males) or less sensitive (females), and thus, it would appear that enhanced contractility to endogenous neurotransmitters does not contribute greatly to the altered bladder function (i.e., increased spontaneous activity, intermicturition pressure and DO) observed in the UP KO mice. Future studies examining the impact of uroplakin deficiency on nerve-stimulated contractile responses of isolated detrusor Neurourology and Urodynamics DOI 10.1002/nau The number of mice in each category/group was 4. Statistics were based on the number of strips (shown in parentheses). Data are expressed as mean AE SEM. Statistical analysis of differences between groups was performed using Two-way ANOVA followed by post hoc pairwise comparisons. Values of P < 0.05 were taken as statistically significant. *Significantly different from UPII KO female. **Significantly different from WT female.
strips will be needed to further elucidate the mechanistic basis for the observed increases in spontaneous activity and bladder pressures.
In conclusion, these data confirm and extend previous observations to indicate that uroplakin deficiency contributes to abnormal bladder urodynamics. Another interesting observation is that the deletion of the UPII gene, in particular, leads to more severe perturbations of both urothelial histology and bladder urodynamics than that of UPIIIa. This result is consistent with our previous finding indicating that while the knockout of UPIIIa led to a reduction of urothelial plaque formation, it did not completely abolish plaque formation, presumably because UPIIIb, a minor isoform of UPIIIa, can be up-regulated and can form heterodimers with UPIb. 11 On the other hand, ablation of UPII leads to complete elimination of urothelial plaques, probably because UPII has no known isoform. 13 Since our preliminary in vitro pharmacological data revealed relatively modest differences in the steady-state responses of the KO detrusor strips to carbachol, the observed urodynamic changes in the UP KO bladders may reflect a defect in the signaling mechanisms involving superficial bladder structures, that is, urothelium, interstitial cells and/ or suburothelial afferent nerves. Finally, it appears that the UPII KO male mouse may provide a valuable model for exploring the potential role of urothelial defects in obstruction-like alterations in bladder function (i.e., a model of LUTS in males). Fig. 2 . Representative histological findings in WT, UPII KO, and UPIIIa KO female mice. Panels A, C, and E display representative bladder sections with the corresponding outlined areas shown at higher magnification in Panels B, D, and F. Note the clear differences in urothelial histology between the WT and KO female mice, and also note that the bladder wall was unremarkable for any consistent structural changes in the KO mice. Fig. 3 . Representative histological findings in WT, UPII KO, and UPIIIa KO male mice. Panels A, C, and E display representative bladder sections with the corresponding outlined areas shown at higher magnification in Panels B, D, and F. Note the clear differences in urothelial histology between the WT and KO male mice. Once again, note the demonstrable evidence for a UP KOrelated urothelial hyperplasia (compare with Fig. 2) , as well as the fact that the bladder wall was unremarkable for any consistent structural changes.
